To make up for the deficiencies in the present method of measuring microdetonator output energy, this paper uses PVDF (Polyvinylidene Fluoride) piezoelectric films as sensors and designs a system to test the output pressure of microdetonators with a 2.5 mm diameter. The average measured output pressure was 9.87GPa. In addition, detonation tests were carried out which showed that a microdetonator with a 10 mg charge could reliably detonate a JO-9C(III model) lead explosive with an 8 mg charge in a 0.7 mm air-gap. The detonation simulations for lead explosives using LS-DYNA software were consistent with the detonation test results. There was less than 5% error between the output pressure values and the test values of microdetonators. The results showed that PVDF piezoelectric films have rapid response times, high precision and low production cost in output pressure tests. The simulation model has practical significance for the quantitative evaluation of microdetonator output energy.
I. INTRODUCTION
In recent years, MEMS technology has rapidly developed and has been widely used for safety system fuses [1] - [5] . Compared with traditional fuses, MEMS fuses are characterized by their small volume, low energy consumption, and high reliability. MEMS fuses provide a way to design miniaturized initiating explosive devices. MEMS fuses require even smaller microdetonators. Hence, microdetonators must be able to produce reliable detonation energy transfer with a decreased charge weight and decreased height [6] . The output pressure of a detonator is the key parameter that determines the reliability of detonation energy transfer [7] . To date, quantitative measurement methods of detonator output pressure include the electromagnetic method, the Manganin piezoresistance method and the piezoelectric method. [8] . As the electromagnetic method is limited by the size of sensitive sensor parts, it is not suitable for performing output pressure tests on small initiating explosive devices. Although detonator output pressure can be directly measured by the Manganin piezoresistance method, this method is only appropriate for high-output-pressure tests, and application of this method is The associate editor coordinating the review of this manuscript and approving it for publication was Hamid Mohammad-Sedighi . limited due to the requirements of the power supply and high cost. When ambient pressure is exerted on some piezoelectric materials, an electric charge is generated on their surface, which is the basis of the piezoelectric method. In general, piezoelectric ceramics exhibit a weak piezoelectric effect, and thus, a high-speed charge amplifier is required during measurement [9] . Use of a charge amplifier affects output pressure tests on small initiating explosive devices. Yan et al. [10] designed a micro-Manganin gauge to investigate the output capability of a lead azide microdetonator and used the Manganin piezoresistance method to measure the relationship between detonation pressure growth and the height of a Pb(N 3 ) 2 microcharge. They successfully measured the output detonation pressure for a microcharge. Zhang et al. [11] developed a Manganin thin film ultra-high pressure sensor based on MEMS technology to measure the output pressure of a microdetonator. The dynamic test indicated that the sensor reliably measured the detonation pressure of a microdetonator with a charge diameter of 3.42 mm. The work performed in [12] explored an H type foil-like Manganin gauge, the sensitive element of which is approximately 0.254 mm long, 0.127 mm wide and 10 µm thick. It was found that the H type Manganin gauge could measure the detonation pressure of a small diameter explosive charge. To date, research on the output energy of microdetonators has faced two main difficulties 1. Due to the size effect caused by the miniaturization of detonators, traditional methods for the theoretical calculation and measurement of detonation are no longer suitable for performing output pressure tests on these detonators, 2. Model parameters related to the explosion and state equation parameters that describe the unsteady state in which the microcharge detonation occurs are both lacking. Therefore it is very difficult to build a realistic simulation model for predicting the output pressure. It should be possible to develop an accurate, convenient and economical method to test possible detonation parameters and arrive at an applicable simulation model. Therefore this work is of great significance for studying the reliability of detonation energy transfer in microcharges. In 1969, Kawai [13] discovered that PVDF (Polyvinylidene Fluoride) thin films have strong piezoelectric properties after stretching and polarization, and since then, PVDF piezoelectric films have been widely used in many fields. In the field of dynamic explosion shock wave measurement, the PVDF stressometer has attracted the attention of many researchers because of its thinness, passivity, fast response, large pressure measurement range and high sensitivity [14] . Thus, this paper uses PVDF piezoelectric films as sensors, designs a system to test microdetonator output pressure, and carries out detonation tests. The LS-DYNA software was used to simulate the detonation growth and energy transfer on the bottom of the microdetonators. This work should provide a valuable reference for researchers working on related problems.
II. OUTPUT PRESSURE TESTS A. SAMPLE PREPARATION
During these tests, the selected sample microdetonators were marked #1, #2, #3 and #4, as shown in Fig. 1 . These microdetonators were 2.5 mm × 4 mm in size, and the main charge was CL-20, with a charge amount m c = 10 mg and a charge density ρ = 1.7 g·cm −3 .
B. TEST SYSTEM COMPOSITION AND PRINCIPLES
Using PVDF piezoelectric films as sensors, this paper designs a system to test microdetonator output pressure, as shown in Fig. 2 . The system consists of a digital storage oscilloscope; a high speed synchronous pulse constant current source; a small explosive container; and a computer. Fig. 3 shows a schematic diagram of the internal structure of the small explosive container, where the tested detonator is fixed in a detonator set. A 1 mm-thick PMMA (Polymethyl Methacrylate) spacer is placed on the top of the PVDF stressometer, and a 30 mm-thick PMMA pressure block is placed underneath it. The PVDF electrodes are connected to the stressometer with a digital storage oscilloscope, and the initiation electrodes are connected to a high-speed synchronous pulse constant current source. The sensitive piezoelectric area of the PVDF stressometer receives shock wave pressure via the detonation of the microdetonators, and the generated voltage is transmitted to the oscilloscope. The oscilloscope can record dynamic voltage signals for a certain period of time and transmit them to a computer via an Ethernet interface for data processing. The main performance indexes of the oscilloscope are: a 1 GHz frequency response range, 10 GS/s sampling rate, 4 channels, and 2 MS storage depth per channel. Fig. 4 shows the structural diagram of the PVDF stressometer with a 0.13∼0.15 mm sensor thickness and 2 mm×2 mm size. The stressometer is made of 30 µm-thick PVDF piezoelectric films with 2 µm-thick aluminum electrodes sputtered on both sides. This PVDF stressometer has a very simple design, and its sensor is made by directly cutting large PVDF piezoelectric films, which reduces the production cost. The calibration expression of the PVDF stressometer is [15] :
where P is the shock wave pressure and q is the output charge. The test circuit of the PVDF stressometer has two general modes, the current mode and charge mode. Since the charge mode directly reflects the structure of the measured pulse stress wave and the measurement results can be conveniently displayed without integral processing, the charge mode was selected for this paper, and the test circuit is shown in Fig. 5 . When the PVDF stressometer is subjected to an impact pressure, the generated charge Q is discharged by a capacitor C connected in parallel to the PVDF stressometer to form a voltage U . The relationship between them is as follows:
The PVDF stressometer has a strong piezoelectric effect. When subjected to an external force P, the surface generates a charge Q, and when the external force disappears, the charge Q will also disappear [16] . The relationship between P and Q is:
where k is the dynamic sensitivity coefficient and A is the area of the sensor. By measuring the charges generated when the PVDF stressometer receives pressure from a shock wave, the detonator output pressure can be obtained according to the calibration expression. 
C. TESTING PROCESS AND RESULTS
Before testing, the PVDF stressometer was placed on a PMMA pressure block, with the center of the sensor and the center of the PMMA pressure block overlapping. After a drip of epoxy resin glue was applied, the PMMA spacer was carefully placed on the PVDF stressometer. As a result, when the tested detonator was placed in the detonator set, the center of the bottom of the detonator and the center of the sensor were on the same axis. During the test, the environment temperature was 20 • C. The detonator was detonated via the pulse output of the 4-channel synchronous pulse constant current source. Table 1 shows the output pressure test results, where the mean peak pressure was 9.87 GPa and the average error was no more than 1%.
III. DETONATION ENERGY TEST A. TESTING DEVICE
In order to test the output energy of the microdetonators, the lead explosives were molded into strips by applying pressure to them on a sheet cavity instead of the detonating tubes. The lead explosives were designed in arcs with both ends wider than the middle and the arc diameter is the same as that of the the microdetonators. The charge of the lead explosive was JO-9C(III model), the charge amount was 8 mg, the charge density was 1.65 g·cm −3 , and the size was 1 mm(W ) × 0.6 mm(H ) × 4.6 mm(L). A pressing mold was designed to fit to the shape of the lead explosive, as shown in Fig. 6 . The mold was composed of an upper mold, a lower mold and a punch. The upper mold offered a position constraint for the pressing motion of the punch, so that the punch could press the charge into the charge plate under the guidance of the guiding slot. The lower mold consisted of a base and a middle set, with clearance for easy disassembly. The positioning boss of the base cooperated with the positioning slot of the upper mold to provide positioning and to restrict the charge plate. By changing the height of the positioning boss, the depth of the charge plate could be changed to conveniently test lead explosives with different thicknesses. Fig. 7 shows the charge plate after pressing. According to the figure, the surface of the lead explosive is flat and dense, indicating a good pressing effect. Fig. 8 shows the test device, in which the radial spacing of the detonator is installed in the top cover, and there is a 0.7 mm-long space between the bottom and the lead explosive. The witness block is made of aluminum and is placed in the base. Once the top cover is facing the base, the connection is secured via M3 bolts. 
B. TEST RESULTS
Four 1.5 V dry batteries connected in series were used as the power supply for electric ignition. Four detonation tests were carried out, and all of them were successful. Table 2 shows the dimensions of the detonator hole, the charge plate cavity, and the witness block after the tests, and Fig. 9 shows the residual body. As seen in Fig. 9 , the diameters of the detonator holes were enlarged, and small cracks appeared around them. The charge plate hollowed inwardly, the diameter and width of the charge plate cavity also increased, and there were obvious pits in the witness block, indicating that these microdetonators were capable of detonating lead explosives with JO-9C (III model) charges. 
IV. NUMERICAL SIMULATION A. FINITE ELEMENT MODELS
To solve the applicability of the simulation model, the LS-DYNA software was used to simulate the detonation growth and energy transfer on the bottom of the microdetonators. Due to the axisymmetric nature of the studied structure, a finite element model of 1/2 scale was created to save time. As shown in Fig. 10 , the central point of the lower face of the microdetonator was set as the initiation point. The constraint materials for the lead explosive included a charge plate, a top cover and a base, which were defined as a solid group using the Lagrange algorithm. As there may be force transmission along the charge plate, a top cover, a base and the contact between them were all defined. The lead explosives and the air zones were defined as a fluid group using the Euler algorithm. There were nodes common to both regions on the boundaries, and they were pasted with the GLUE command, leading to force transmission within the fluid group. Finally, the fluid-solid coupling command was used to couple the solid and fluid groups, resulting in free force transmission. 
B. CONSTITUTIVE MODEL OF THE MATERIAL AND THE STATE EQUATIONS
During microsize charge detonation, there are nonreaction and partial-reaction areas, involving the shock initiation and the detonation wave propagation of the explosive charges.
Therefore, a section with a constitutive relation is crucial for the accuracy of the simulation results [17] . A constitutive relation includes two main components: 1. the state equations of the explosive and the products and 2. the reaction rate equations. The LS-DYNA software offers more than 100 types of material models. As for shock initiation, the MAT_ELASTIC_PLASTIC_HYDRO elastoplastic fluid material model is a common choice for the explosive and the EOS_IGNITION_AND_GROWTH_OF_REACTION_ IN_HE firing, and growth equation is usually selected for the state equation [18] . This equation involves two JWL state equations and one reaction rate equation. The two JWL state equations are used to describe the unreacted material and the reaction products, and their basic form is:
where P stands for the detonation pressure, V is the relative volume and ω, A, B, R 1 , R 2 , and C V are the material-related constants.
The reaction rate equation is used to describe the reaction process for an explosive in the reaction area, and its basic form is [19] :
where F refers to the reaction fraction, t to the time, ρ 0 to the original density, ρ to the present density, p to the pressure and I , G 1 , G 2 , a, b, c, d, e, g, x, y and z to the material-related constants. The materials required by the simulation include JO-9C lead explosives, charge plates, top covers, bases and air-gaps. Table 3 shows the parameters for the state equation for lead explosive JO-9C [20] .
The charge plate is made of nickel, and the top covers and bases are made of ultralumin 7A04. Due to the complex loads and the large amount of deformation of the constraint materials during detonation, the Johnson-Cook material model and the Gruneisen state equation were selected to describe the responses to the detonation energy of the lead explosives [21] . The form of the Gruneisen state equation in the compression state is:
Its form in the expansion state is:
where µ = ρ 0 /ρ −1 , C is the static sound velocity of material; S 1 , S 2 and S 3 are the parameters relating to the Hugoniot curve; γ 0 is the Gruneisen coefficient; and a is the first-order volume correction for γ 0 . Tables 4 and 5 show material model parameters and state equations for the charge plates, top covers and bases, respectively. During numerical simulation of the detonating process, an air-gap that covers the entire explosive area should be established and pressure flow boundary conditions should be set for the boundaries between the explosive and the airgap so that the pressure caused by the explosion allows air to flow freely. The MAT_NULL shear-free fluid model was selected for the air-gap, and the EOS_LINEAR_POLYNO MIAL linear polynomial equation was chosen for the state equation. The basic form of the state equation is:
where C 1 , C 2 , C 3 , C 4 , C 5 and C 6 are the coefficients of the polynomial equation; C 4 = C 5 = ν-1 in ideal air; generally speaking, v is 1.4; and the other coefficients are 0. E refers to the initial internal energy of the air. Table 6 shows the material model parameters and the state equation parameters for the air-gap.
C. SIMULATION RESULTS
The constitutive parameters, state equation parameters and various control parameters were modified in File K and transmitted to a solver, leading to a pressure cloud chart for the lead explosives at different moments, as shown in Fig. 11(a) -(h). The lead explosive was detonated, which was consistent with the detonation test results. When the shock waves output by the microdetonator went through the air-gap, they generated an original pressure of 10.38 GPa, with an error of no more than 5% compared with the test results.
V. CONCLUSION
To understand the applicability of microcharge detonation parameter measurements and simulation models, this paper carried out output pressure tests and detonation energy experiments using a type of microdetonator and numerically simulated detonation energy growth. According to the test results and simulations, the following conclusions were drawn: 1. According to measurements from the test system designed using PVDF piezoelectric films, the average microdetonator output pressure was 9.87 GPa, with an average error of no more than 1%, indicating that PVDF piezoelectric films have a rapid response, high precision and low production cost for output pressure tests. The test system had made up for the deficiencies in the present method of measuring microdetonator output energy.
2. The detonation simulations for lead explosives were consistent with the detonation test results. A microdetonator with a 10 mg charge could reliably detonate a JO-9C(III model) lead explosive with an 8 mg charge in a 0.7 mm air-gap.
3. The errors between the output pressure values by numerical simulation and the test results were less than 5%, indicating that the simulation model in this paper reliably predicted microdetonator output pressure. His research interests include micro-miniature explosive train, and the design of MEMS safety and arming device. VOLUME 7, 2019 
